Radical-Mediated Enzymatic Methylation: A Tale of Two SAMS by Zhang, Qi et al.
Published on the Web 11/18/2011 www.pubs.acs.org/accounts Vol. 45, No. 4 ’ 2012 ’ 555–564 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 555
10.1021/ar200202c &2011 American Chemical Society
Radical-Mediated Enzymatic Methylation: A
Tale of Two SAMS
QIZHANG,
†,§WILFREDA.VANDERDONK,*
,†,‡ANDWENLIU*
,§
†Department of Chemistry, and
‡the Howard Hughes Medical Institute,
University of Illinois at Urbana Champaign, 600 South Mathews Avenue,
Urbana, Illinois, 61801, and
§State Key Laboratory of Bioorganic and Natural
Products Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy
of Sciences, 345 Lingling Road, Shanghai 200032, China
RECEIVED ON AUGUST 10, 2011
CONSPECTUS
M
ethylation is an essential and ubiquitous reaction that
plays an important role in a wide range of biological
processes. Most biological methylations use S-adenosyl-
methionine (SAM) as the methyl donor and proceed via an
SN2 displacement mechanism. However, researchers have
discovered an increasing number of methylations that involve
radical chemistry. The enzymes known to catalyze these
reactions all belong to the radical SAM superfamily. This
family of enzymes utilizes a specialized [4Fe-4S] cluster for
reductive cleavage of SAM to yield a highly reactive 5'-
deoxyadenosyl (dAdo) radical. Radical chemistry is then im-
posed on a variety of organic substrates, leading to a diverse array of transformations. Until recently, researchers had not fully
understood how these enzymes employ radical chemistry to mediate a methyl transfer reaction.
Sequence analyses reveal that the currently identified radical SAM methyltransferases (RSMTs) can be grouped into three
classes, which appear distinct in protein architecture and mechanism. Class A RSMTs mainly include the rRNA methyltransferases
RlmN and Cfr from various origins. As exemplified by Escherichia coli RlmN, these proteins have a single canonical radical SAM
core domain that includes an (βr)6 partial barrel most similar to that of pyruvate formate lyase-activase. The exciting recent
studies on RlmN and Cfr are beginning to provide insights into the intriguing chemistry of class A RSMTs. Theseenzymes utilize a
methylene radical generated on a unique methylated cysteine residue. However, based on the variety of substrates used by the
other classes of RSMTs, alternative mechanisms are likely to be discovered. Class B RSMTs contain a proposed N-terminal
cobalamin binding domain in addition to a radical SAM domain at the C-terminus. This class of proteins methylates diverse
substratesatinertsp
3carbons,aromaticheterocycles,andphosphinates,possiblyinvolvingacobalamin-mediatedmethyltransfer
process. Class C RSMTs share significant sequence similarity with coproporphyrinogen III oxidase HemN. Despite methylating
similar substrates (aromatic heterocycles), class C RSMTs likely employ a mechanism distinct from that of class A because two
conserved cysteines that are required for class A are typically not found in class C RSMTs.
Class A and class B enzymes probably share the use of two molecules of SAM: one to generate a dAdo radical and
one to provide the methyl group to the substrate. In class A, a cysteine would act as a conduit of the methyl group whereas
in class B cobalamin may serve this purpose. Currently no clues are available regarding the mechanism of class C RSMTs,
but the sequence similarities between its members and HemN and the observation that HemN binds two SAM molecules
suggestthatclassCenzymescouldusetwoSAMmoleculesforcatalysis.ThediversestrategiesforusingtwoSAMmolecules
reflect the rich chemistry of radical-mediated methylation reactions and the remarkable versatility of the radical SAM
superfamily.
1. Introduction
Methylation plays an important role in a wide range of
biological processes, including gene expression, protein
modification, lipid biosynthesis, and various other meta-
bolic pathways. In most cases, the biological methyl donor
is S-adenosylmethionine (SAM).
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nature of the sulfonium group of SAM renders its methyl
group electrophilic, such that it reacts with various nucleo-
philes including oxygen and nitrogen atoms, unsaturated
carbons, thiols, and halide ions. The reactions proceed via a
typical SN2 displacement,
3 resulting in inversion of stereo-
chemistry at the transferred methyl group.
4 The SN2 mecha-
nism requires the substrates to be nucleophilic, precluding
methylation of saturated unactivated carbon atoms or of
electrophilicsubstrates.TocomplementtheSN2typemethy-
lation,naturealsoemploysradical-mediatedmechanismsto
methylate non-nucleophilic substrates.
5 13
The enzymes catalyzing radical-mediated methylations
known to date all belong to the radical SAM superfamily, a
large class of metalloenzymes currently comprising thou-
sands of members across all domains of life.
8,9,12,14 21
Radical SAM proteins contain at least one [4Fe-4S] cluster
that is coordinated by three cysteine residues usually within
aconservedCxxxCxxC motif.The[4Fe-4S]clusterbindsSAM
in a bidentate fashion
22 27 and reductively cleaves its
carbon sulfur bond to yield a highly reactive 50-deoxyade-
nosyl (dAdo) radical. Radical chemistry is then imposed on a
varietyoforganicsubstrates,leadingtoadiversearrayoftrans-
formationsrelevanttonucleicacidandproteinmodification,
and to the biosynthesis of vitamins, coenzymes, and anti-
biotics. The radical SAM methyltransferases (RSMTs) have
also been found in a myriad of pathways, many of which
leadtosecondarymetabolitesofpotentialclinicaluse(Figure1).
Atpresent,relativelylittleisknownaboutthecatalyticmech-
anism of most of these enzymes, but the exciting recent
studies on the rRNA methyltransferases RlmN and Cfr are
beginning to reveal the intriguing chemistry of RSMTs.
5 7,27
Sequence analyses reveal that the currently identified
RSMTs can be grouped into three classes, which based on
theirsequenceappeardistinctinproteinarchitecture(Figure2).
Class A RSMTs, which mainly include RlmN and Cfr from
variousorigins,haveasinglecanonicalradicalSAMdomain.
The recently solved crystal structure of E. coli RlmN
27 re-
vealed that the core of the protein is composed of a partial
(βR)6 barrel (Figure 2) most similar to that of pyruvate
formate lyase-activase.
26 Class B RSMTs contain a proposed
N-terminalcobalaminbindingdomain(CBD)
14inadditionto
the radical SAM domain found in the C-terminus (Figure 2).
The hypothesized substrates of members of this class are
highly diverse, and their reactions include methylation of inert
sp
3carbons,aromaticheterocycles,andphosphinates(Table1).
Class C RSMTs share significant sequence similarities with a
FIGURE 1. Selected secondary metabolites whose biosyntheses include RSMTs. Carbon atoms that are introduced by class B RSMTs (a) or class C
RSMTs (b) are highlighted by light blue boxes.Vol. 45, No. 4 ’ 2012 ’ 555–564 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 557
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relatively well-characterized radical SAM enzyme copropor-
phyrinogen III oxidase HemN, which contains a separate
C-terminal domain (Figure 2) proposed to assist substrate
binding.
23 Table 1 lists some representative examples of
RSMTs from different classes with their putative substrates.
As discussed herein, it appears that different catalytic me-
chanisms are utilized by the different classes of RSMTs.
2. The Novel Chemistry of Class A RSMTs
Class A RSMTs comprise RlmN and Cfr from various organ-
isms,whichmethylateadenosine2503(A2503)of23SrRNA
located in the peptidyl transferase center of the bacterial
large ribosomal subunit. Cfr methylates the C8 atom of
A2503, which confers bacterial resistance to five classes of
antibiotics acting upon the peptidyl transferase center.
28
RlmN, on the other hand, methylates the C2 atom, which
isimportantfortranslationalfidelityandthenascentpeptide
response.
29,30 In vitro labeling studies performed by two
independent laboratories showed that, surprisingly, only
two of the three protons on the methyl group of SAM are
transferred to the product.
6,7 Furthermore, use of A2503
labeled with deuterium at the C2 position showed that this
deuterium ends up in the methyl group.
6 Single-turnover
studies
7 and X-ray crystallography
27 provided an explana-
tion for these puzzling results as illustrated in Figure 3.
CatalysisbyclassA RSMTsrequires aprimingstep involv-
ingthemethylationofaconservedcysteineresidue(Cys355
in RlmN) by SAM to form a methyl thioether group using a
typical SN2 displacement reaction.
7 A second SAM molecule,
thought to bind at the same binding site,
27 is then activated by
the reduced [4Fe-4S] cluster to generate a dAdo radical. This
radicalabstractsahydrogenatomfromthemethylthiogroupto
generate a protein-based methylene radical. Addition of this
radical to the adenine ring accompanied by loss of an electron
affords an adenine protein adduct. A nearby Cys118 then
initiates reductive cleavage of the thioether covalent adduct,
forming a disulfide and releasing the methylated product. This
mechanism is strongly supported by the observation of a
methylatedCysresidue(Cys355) intheRlmNcrystalstructure.
27
Studies with the RlmN C118A variant, which resulted in a cova-
lent RNA protein adduct, provide additional evidence for the
mechanism.
7 The crystal structure also identified a Glu residue
(Glu105),whichcouldfacilitatetransferoftheprotonfromC2of
the adenine ring to the methyl group in 2-methyladenosine
(Figure 3),
27 consistent with the labeling experiments.
6
Class A RSMTs have adopted several unique strategies
compared to known radical SAM proteins to overcome the
low reactivity of their substrates. One is that the hydrogen
atom abstraction by the dAdo radical occurs on a methyl
group covalently bound to the enzyme rather than on a free
substrate.Thistypeofhydrogenabstraction,whichproducesa
protein-based radical located on a carbon that originates
from the SAM cosubstrate, is unprecedented in radical SAM
enzymology.Theclosestanalogyisfoundinpyruvateformate
lyase activating enzyme and anaerobic ribonucleotide reduc-
tase activating enzyme, which abstract hydrogen atoms
from Gly residues of their protein substrates.
8 Interestingly,
both these Gly residues and the methylated Cys in RlmN
are in flexible loops. It was suggested that the flexibility of this
arrangement facilitates the dual roles of these residues.
27 For
Cys355 in RlmN, these roles are acquisition of the methyl
group by nucleophilic attack on SAM and subsequent housing
of the methylene radical for attack on the RNA substrate.
The use of SAM for both homolytic and heterolytic chem-
istryinthesameoveralltransformationisalsofoundinradical
SAM methylthiotransferases such as MiaB
31 and RimO.
32,33
These enzymes install a methylthio group on an isopenteny-
lated-adenosine ring of tRNA and on an aspartate residue of
the small ribosomal protein S12, respectively. Like the class A
RSMTs discussed here, these enzymes use one molecule of
SAMfor homolytic chemistry and a different molecule of SAM
for heterolytic chemistry. The order of homolytic and hetero-
lytic steps is reversed, however, with initial generation of a
dAdo radical for sulfur insertion and subsequent SN2-like
methylation of the sulfur installed in the first step.
31 33
3. ClassBRSMTs:PutativeCobalamin-Dependent
Enzymes
Class B RSMTs are possibly didomain enzymes consisting of
a radical SAM core domain and a putative N-terminal CBD
FIGURE 2. Domain structures of different classes of RSMTs. The radical
SAM core in the E. coli RlmN crystal structure is highlighted by the gray
circle. Structure taken from PDB ID: 3RFA.558 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 555–564 ’ 2012 ’ Vol. 45, No. 4
Radical-Mediated Enzymatic Methylation Zhang et al.
that was initially identified by Sofia et al. using iterative PSI-
BLAST searches.
14 The members of this class include en-
zymes that are hypothesized to methylate unactivated sp
3
carbons, aromatic heterocycles, and phosphinates; exam-
ples include Fom3,
10 CloN6
34 and TsrT (also designated
TsrM),
35,36 and BcpD
37,38/PhpK,
39,40 respectively. It is note-
worthythatnotallCBD-containingradicalSAMenzymesare
methyltransferases. BchE, for example, is a radical cyclase
involved in chlorophyll biosynthesis,
41 but it is believed to
have a similar domain architecture as class B RSMTs based
on sequence homology,
14 indicating further potential diver-
sification of the use of these intriguing enzymes.
Severalstudieshavesupportedthefunctionofselectclass
Bmembers.Forexample,whenCloN6wasinactivatedinthe
TABLE 1. Representative Examples of RSMTs
a
aThe methylation sites of the substrates are indicated by solid circles.Vol. 45, No. 4 ’ 2012 ’ 555–564 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 559
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clorobiocinproducerstrain,themutantaccumulatedacloro-
biocin derivative lacking the 5-methyl group of the pyrrole
moiety.
34 This finding strongly supported the role of CloN6
in methylating the pyrrole ring during clorobiocin biosynth-
esis. In addition, gene disruption studies combined with
feeding experiments suggested that Fom3 methylates 2-hy-
droxyethylphosphonate (2-HEP) during the biosynthesis of
fosfomycin (Figure 4),
10 instead of phosphonoacetaldehyde
(PnAA) as proposed originally.
38 Utilization of methylcoba-
lamin (MeCbl) by class B RSMTs has been supported by
isotopic labeling studies performed in fosfomycin and bia-
laphos biosynthesis.
37,38,42 After supplying [
14CH3]-MeCbl
and N-acetyldemethylphosphinothricin-Ala-Ala (NAcDMPT-
Ala-Ala, Figure 4) either to a strain defective in the biosynth-
esis of cobalamin
42 or to cell free extracts,
37 the radiolabel
wasincorporatedintobialaphos.Veryrecently,methyltrans-
fer from [
13CH3]-MeCbl to NAcDMPT was also demonstrated
with purified PhpK, establishing the first in vitro reconstitu-
tion of a class B methyltransferase.
40 Collectively, these
experiments provide support for the involvement of MeCbl
in the methylations catalyzed by Fom3 and PhpK/BcpD.
The notion that methylation reactions involved in the
biosynthesis of some natural products might involve chem-
istry other than SN2 was forecasted by early labeling studies
demonstrating that net retention of the methyl configura-
tion occurred, not inversion as expected of a SN2 mech-
anism. These studies focused on C20 methylation of L-Trp
duringthiostreptonbiosynthesis,
44,45andonmethylationin
thienamycinbiosynthesis
46(Figure1).Inbothcases,methio-
nine, the precursor of SAM, provides the methyl group as
established by feeding studies. Several attempts to isolate
the L-Trp C20 methyltransferase from the thiostrepton pro-
ducer strain were unsuccessful.
45 The lifetime of the active
enzyme was very short, and the enzyme activity was lost
FIGURE 4. Biosynthetic pathways of fosfomycin and bialaphos.
43 The proposed catalytic mechanism of the class B RSMTs Fom3 and PhpK are
highlighted in the yellow boxes.
10,11 The phosphonate groups are shown as monoanionic but could be dianionic (pKa,2 near 7).
FIGURE 3. Proposed mechanism
7 of RNA adenine methylation catalyzed by E. coli RlmN, a representative member of class A RSMTs.560 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 555–564 ’ 2012 ’ Vol. 45, No. 4
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after dialysis, ultrafiltration, or any purification steps, all of
which are consistent with RSMTs featuring an oxygen-
sensitive [4Fe-4S] cluster. Recent characterization of the bio-
synthetic gene cluster of thiostrepton allowed identification
oftheclassBRSMTTsrT/TsrMasacandidatefor2-methyl-L-Trp
formation.
35,36 In addition, the products of three methyl-
transferases genes thnK, thnL,a n dthnP found in the thiena-
mycin biosynthetic gene cluster are also members of class B
RSMTs.
47 The observed stereochemistry and the discovery of
these genes provide further support that the class B RSMTs
m a yu s ec h e m i s t r yo t h e rt h a nS N2 to achieve methylation.
Based on the general chemistry of radical SAM proteins
and the net retention of stereochemistry, a plausible me-
chanism for class B methyl transfer has been proposed
(Figure 5).
10,11,43 The dAdo radical produced by reductive
cleavage of SAM is postulated to abstract a hydrogen atom
from the substrate to generate a radical intermediate. Reac-
tion of this radical with MeCbl is then proposed to result in
the methylated product and release of cob(II)alamin. Such
transfer of a methyl group from MeCbl to a carbon-based
radical has precedent in cobalamin model chemistry.
48
Although the stereochemistry of homolytic methyl transfer
is not known, inversion is the likely result. Finally, regenera-
tion of MeCbl is achieved via reductive methylation of cob-
(II)alamin by SAM, again with inversion of stereochemistry
for a net retentive process. Reduced flavodoxin may possi-
bly provide the required electron for this last step, as is
observed for methionine synthase.
49,50
Given the variety of substrates that class B RSMTs are
believedtoacton,thedAdoradicalmayabstractahydrogen
atomfromansp
3carbonresultinginanalkylradical,orfrom
a phosphinate breaking the relatively weak phosphorus 
hydrogen bond and resulting in a phosphinate radical.
These types of reactions are illustrated by Fom3 and PhpK
involved in fosfomycin and bialaphos biosynthesis, respec-
tively (Figure 4). However, for the methylation of aromatic
rings, hydrogen abstraction from an sp
2 carbon lacks prece-
dentinenzymology.Onepossiblesolutionmightbeabstrac-
tion of a hydrogen atom that would result in a resonance-
delocalized radical. For example, methylation of the indole
C2 catalyzed by TsrT/TsrM may be initiated by hydrogen
abstraction from the benzylic-like C3 atom of L-Trp (Figure 6a).
The pyrrole methylation catalyzed by CloN6 may begin with
the breakage of the N1 H bond (Figure 6b), similar to the
N H activation recently proposed for the radical SAM protein
NosL.
51 Methylation of the ensuing delocalized radicals with
MeCbl would then be followed by rearomatization.
The predicted MeCbl chemistry of class B bears some
similarity with that catalyzed by the cobalamin-dependent
methionine synthase, MetH, which is a modular enzyme
consisting of four distinct domains.
49,50 The C-terminus of
MetH comprises a CBD and a SAM binding domain that is
reminiscent of the putative architecture of Class B RSMTs.
MetH catalyzes methyl transfer from methyltetrahydrofo-
late (Me-FH4) to homocysteine, in which the cobalamin
cofactor cycles between MeCbl and cob(I)alamin forms, as
it is alternately demethylated by homocysteine and re-
methylated by Me-FH4.
49,50 The SAM binding domain of
MetH is involved in the reductive methylation of cob(II)-
alamin, produced by adventitious oxidation of protein-
bound cob(I)alamin by molecular oxygen.
49,50 This repair
mechanism for MetH indicates that, in addition to the Me-
FH4methyldonorusedduringturnover,SAMcanalsosupply
the methyl group to the cobalamin factor under certain
conditions. The stereochemical course of the reaction cata-
lyzedbyMetH,inwhichnetretentionisobservedintheoverall
reaction,
52isconsistentwithsuccessivetransfersofthemethyl
group to and from the cobalamin cofactor. The major differ-
e n c eb e t w e e nM e t Ha n dc l a s sBR S M T si st h ep r e d i c t e d
mechanism of methyl transfer from MeCbl to the substrate.
In MetH, thisis achieved by heterolytic chemistry whereas the
proposed mechanism for class B RSMTs involves homolytic
chemistry.
As discussed above, class A RSMTs use a cysteine residue
to mediate methyl group transfer, whereas class B RSMTs
appeartousecobalaminforthesamefunction.Thecysteine
content of class B enzymes is highly variable, and these
nonconserved cysteines seem unlikely to take part in the
mechanismofmethyltransferusedbyclassARSMTs.Further-
more, labeling studies for thiostrepton
44 biosynthesis have
shown that all three protons of the methyl group of methio-
nineareincorporatedintothefinalproduct,whichalsoargues
against a similar mechanism to that employed by class A
RSMTs.ClassAandBRSMTslikelyhaveincommontheuseof
two molecules of SAM, one to generate a dAdo radical and
one toprovide the methyl group tothe substrate. However, at
present, it cannot be ruled out that, in class B enzymes, MeCbl
serves as a stoichiometric cosubstrate rather than a cofactor
that is remethylated by SAM.
FIGURE 5. Proposed catalytic cycle of class B RSMTs.Vol. 45, No. 4 ’ 2012 ’ 555–564 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 561
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4. Class C RSMTs: HemN-like Enzymes with
Unknown Mechanisms
Class C RSMTs are HemN-like enzymes that contain a sep-
arate domain in the C-terminus in addition to the TIM-barrel
radical SAM core (Figure 2). This class of enzymes includes
NosN
53 and NocN
54 that catalyze the methylation of the
3-methyl-2-indolic acid (MIA) moiety
51,55 (Figure 7) in the
biosyntheses of nosiheptide and nocathiacin (a nosiheptide
structural analogue); TpdI, TpdL, and TpdU
56 involved in
methylation of thiazole heterocycles in the biosyntheses of
GE2270andthiomuracin;andBlm-Orf8,
57Tlm-Orf11,
58and
Zbm-Orf26
59 which may be responsible for methylation of
the pyrimidine ring in the biosyntheses of the bleomycin
familyofantibiotics(Figure1).SinceclassCRSMTssharehigh
sequence homology with HemN, their function as methyl-
transferases might not be easily recognized, and many pro-
teins identified in different genomes that are designated as
oxygen-independent coproporphyrinogen III oxidases in the
GenBank database may actually be class C RSMTs.
The methyltransferase activity of NosN involved in nosi-
heptide biosynthesis has been recently demonstrated.
53
Earlylabelingstudiesshowedthatthehydroxymethylgroup
at the C4 indolyl moiety of nosiheptide (Figure 1) was
derived from the methyl group of SAM.
60 The hydroxymethyl
group on the C4 indole ring of nosiheptide and nocathiacin
may be introduced by methylation by NosN
53 and NocN
54 at
C4 of the MIA moiety, followed by hydroxylation on the
resultant methyl group (Figure 7). Indeed, when nosN was
deleted from the chromosome of the nosiheptide producer
strain Streptomyces actuosus, the mutant produced an analo-
gueofnosiheptide,which lackedthemodification atC4ofthe
indole ring.
53 This result strongly supports the activity of the
HemN-like protein NosN for methylation on C4 of the MIA
moiety in nosiheptide biosynthesis.
The crystal structure of E. coli HemN showed that the
enzyme consists of a (βR)6 TIM barrel radical SAM core, a
uniqueC-terminaldomainandaso-called“trip-wire”domain
at the beginning of the N-terminus.
23 All known class C
RSMTscontainaC-terminaldomainsimilartothatofHemN,
which possibly participates in substrate binding. The (βR)6
TIM barrel core domains of class C RSMTs share high se-
quence similarity with that of HemN, while the N-terminal
“trip-wire” domain of HemN is absent from class C RSMTs
(Figure 8). Interestingly, the crystal structure of HemN con-
tains a second SAM molecule adjacent to the first SAM that
binds to the [4Fe-4S] cluster. The exact role of the second
SAM remains unknown, but its binding is clearly of physio-
logical significance, as mutation of residues involved in the
second SAM binding abolished the coproporphyrinogen III
oxidase activity.
61 Most of the residues for SAM binding in
FIGURE 6. Proposed mechanisms of class B RSMTs for methylation of aromatic heterocycles. Hydrogen abstraction by the dAdo radical may occur
from a different site on the substrate than where methylation will take place, such as a benzylic-like carbon (a) or the nitrogen of a heterocycle (b).
FIGURE 7. Proposed mechanism for indolic acid moiety formation in nosiheptide and nocathiacin biosynthesis.562 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 555–564 ’ 2012 ’ Vol. 45, No. 4
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the (βR)6 TIM barrel core of HemN are conserved in class C
RSMTs (Figure 8), indicating that these enzymes may also
bind two SAM molecules. As mentioned previously, binding
of a second SAM is consistent with the catalytic mechanism
of all classes of RSMTs, as the proteins may use one SAM for
generation of the dAdo radical and another for serving as
the methyl donor. However, the separate binding sites for
the two molecules of SAM differ from the apparent single
bindingsiteintheclassARSMTRlmN.
27Despitemethylating
structurallysimilararomaticheterocycles,thepossibilitythat
classCRSMTsemployasimilarmechanismasthatofclassA
is unlikely, as there are no conserved cysteines except the
residues in the CxxxCxxC motif (Figure 8). In addition, NocN
has only one cysteine residue beyond the three required for
binding of the [4Fe-4S] cluster. This eliminates its ability to
use the disulfide mechanism of class A RSMTs. Currently, no
other clues are available regarding the mechanism em-
ployed by class C RSMT. Therefore elucidation of their
catalytic strategies awaits future research.
5. Conclusion and Outlook
The radical SAM superfamily is renowned for its remarkable
catalytic diversity. As illustrated by the examples presented
here, this diversity includes use of different mechanisms for
the same type of reaction. RSMTs likely all catalyze hydro-
gen atom abstraction from a substrate, but how this
hydrogen abstraction is utilized to achieve a methyl transfer
reaction reflects the diverse chemistries utilized by the super-
family. Class A RSMTs use a premethylated protein and a self-
hydrogen abstraction mechanism to initiate the methylation.
ClassBenzymes,ontheotherhand,appeartoemployMeCbl,
whichcanbeviewedasacarrierofaninertmethylradicaldue
FIGURE8. MultiplesequencealignmentofclassCRSMTs.AminoacidsequenceswereobtainedfromGenBank.(1)NosNfromStreptomycesactuosus;
(2) NocN from Nocardia sp. ATCC 202099; (3) TpdI from Nonomuraea sp. Bp3714-39; (4) TpdL and (5) TpdU from Nonomuraea sp. WU8817; (6) Blm-
Orf8 from Streptomyces verticillus; (7) Tlm-Orf11 from Streptoalloteichus hindustanus; (8) Zbm-Orf26 from Streptomyces flavoviridis; and (9) HemN from
E. coli that was used for prediction of the SAM-binding residues as well as the secondary structure elements in the core region of class C RSMTs. The
three cysteine residues in the CxxxCxxC motif for binding of the [4Fe-4S] cluster are highlighted in black, while the red and dark blue highlighted
residues are believed to be involved in binding of the first and second SAM molecule, respectively, as observed in the HemN crystal structure.
23
Completely conserved residues, highly conserved residues, and weakly conserved residues of class C RSMTs are denoted by green, yellow, and light
blue highlighted font, respectively. The right lower inset is the maximum likelihood tree of the nine sequences in the multiple sequence alignment.
Support for the clades is indicated by bootstrap values. HemN (T), the truncated version of E. coli HemN in which the N-terminal “trip-wire” domain
23
was deleted, serves as the outgroup for the phylogenetic tree. The data were analyzed using MEGA4 software.
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tothepropensityofhomolyticcleavageoftherelativelyweak
carbon cobalt bond. The mechanism of class C RSMT re-
mainselusiveat present.Futurestudiesareexpectedtoreveal
the details of the catalytic mechanisms of these intriguing
enzymes, which will likely entail interesting and surprising
chemistries.
The authors' work on RSMTs was supported in part by a grant
from the National Institutes of Health (GM077596 to W.A.v.d.D.)
and grants from the National Natural Science Foundation
(20832009) and the National Basic Research Program (“973
Program”, 2010CB833200) (to W.L.).
BIOGRAPHICAL INFORMATION
Qi Zhang received his Bachelor's degree in Chemistry at Fudan
University in 2003. After a short pursuit of a musical career as a
guitarplayer,hejoinedProf.WenLiu'slabattheShanghaiInstitute
ofOrganicChemistry,whereheobtainedhisPh.D.degreein2010.
He iscurrently a postdoctoral research associate inProf.Wilfred. A.
van der Donk's laboratory at the University of Illinois at Urbana 
Champaign. His research interests include free radical enzy-
mology and chemical biology in relation to posttranslational
modifications.
Wilfred A. van der Donk obtained his B.S. from Leiden
University, The Netherlands, and his Ph.D. in 1994 from Rice
University. After postdoctoral work at MIT, he took up his current
positionintheDepartmentofChemistryattheUniversityofIllinois
at Urbana Champaign in 1997. In 2008, he became an investi-
gator of the Howard Hughes Medical Institute. His research inter-
ests are in natural product biosynthesis, mechanistic enzymology,
and chemical biology.
Wen Liuobtained hisPh.D. degreefrom theChinese Academyof
Medical Sciences (Peking Union Medical School) in 2000. After
postdoctoral studies at the Department of Chemistry, University of
California, Davis (2000 2001) and the School of Pharmacy,
University of Wisconsin;Madison (2001 2003), he joined the
Shanghai Institute of Organic Chemistry, Chinese Academy of
Sciences in2003.Hisresearch interests include(1)naturalproduct
biosynthesis (genetics, biochemistry, and chemistry); (2) combina-
torial biosynthesis for production improvement and structural
diversity; and (3) genome and/or transcriptome mining for dis-
covery of novel microbial natural products.
FOOTNOTES
*To whomcorrespondenceshould beaddressed. E-mail: vddonk@illinois.edu (W.A.v.d.D.);
wliu@sioc.ac.cn (W.L.).
REFERENCES
1 Grillo, M. A.; Colombatto, S. S-adenosylmethionine and its products. Amino Acids 2008,
34, 187–193.
2 Fontecave, M.; Atta, M.; Mulliez, E. S-adenosylmethionine: nothing goes to waste. Trends
Biochem. Sci. 2004, 29, 243–249.
3 O'Hagan, D.; Schmidberger, J. W. Enzymes that catalyse SN2 reaction mechanisms. Nat.
Prod. Rep. 2010, 27, 900–918.
4 Woodard, R. W.; Tsai, M. D.; Floss, H. G.; Crooks, P. A.; Coward, J. K. Stereochemical
course of the transmethylation catalyzed by catechol O-methyltransferase. J. Biol. Chem.
1980, 255, 9124–9127.
5 Yan,F.;LaMarre,J.M.;Rohrich,R.;Wiesner,J.;Jomaa,H.;Mankin,A.S.;Fujimori,D.G.
RlmN and Cfr are radical SAM enzymes involved in methylation of ribosomal RNA. J. Am.
Chem. Soc. 2010, 132, 3953–3964.
6 Y a n ,F . ;F u j i m o r i ,D .G .R N Am e t h y l a t i o nb yr a d i c a lS A Me n z y m e sR l m Na n dC f r
proceeds via methylene transfer and hydride shift. Proc. Natl. Acad. Sci. U.S.A.
2011, 108, 3930–3934.
7 Grove, T. L.; Benner, J. S.; Radle, M. I.; Ahlum, J. H.; Landgraf, B. J.; Krebs, C.; Booker,
S. J. A radically different mechanism for S-adenosylmethionine-dependent methyltrans-
ferases. Science 2011, 332, 604–607.
8 Frey, P. A.; Hegeman, A. D.; Ruzicka, F. J. The Radical SAM Superfamily. Crit. Rev.
Biochem. Mol. Biol. 2008, 43,6 3 –88.
9 Wang,S. C.; Frey, P.A. S-adenosylmethionine as an oxidant: the radical SAM superfamily.
Trends Biochem. Sci. 2007, 32,1 0 1 –110.
10 Woodyer, R. D.; Li, G.; Zhao, H.; van der Donk, W. A. New insight into the mechanism of
methyl transfer during the biosynthesis of fosfomycin. Chem. Commun. 2007, 359–361.
11 van der Donk, W. A. Rings, radicals, and regeneration: the early years of a bioorganic
laboratory. J. Org. Chem. 2006, 71, 9561–9571.
12 Booker, S. J.; Grove, T. L. Mechanistic and functional versatility of radical SAM enzymes.
F1000 Biol. Rep. 2010, 2, 52.
13 Lin, H. S-Adenosylmethionine-dependent alkylation reactions: When are radical reactions
used? Bioorg. Chem. 2011, 39,1 6 1 –170.
14 Sofia,H.J.;Chen,G.;Hetzler,B.G.;Reyes-Spindola,J.F.;Miller,N.E.RadicalSAM,anovel
protein superfamily linking unresolved steps in familiar biosynthetic pathways with radical
mechanisms: functional characterization using new analysis and information visualization
methods. Nucleic Acids Res. 2001, 29,1 0 9 7 –1106.
15 Nicolet, Y.;Drennan, C. L.AdoMet radical proteins--from structuretoevolution--alignment
of divergent protein sequences reveals strong secondary structure element conservation.
Nucleic Acids Res. 2004, 32, 4015–4025.
16 Roach, P. L. Radicals from S-adenosylmethionine and their application to biosynthesis.
Curr. Opin. Chem. Biol. 2011, 15,2 6 7 –275.
17 Vey, J. L.; Drennan, C. L. Structural insights into radical generation by the radical SAM
superfamily. Chem. Rev. 2011, 111, 2487–2506.
18 Booker,S.J.AnaerobicfunctionalizationofunactivatedC-Hbonds.Curr.Opin.Chem.Biol.
2009, 13,5 8 –73.
19 Atta, M.; Mulliez, E.; Arragain, S.; Forouhar, F.; Hunt, J. F.; Fontecave, M. S-Adenosyl-
methionine-dependent radical-based modification of biological macromolecules. Curr.
Opin. Struct. Biol. 2010, 20, 684–692.
20 Marsh, E. N.; Patterson, D. P.; Li, L. Adenosyl radical: reagent and catalyst in enzyme
reactions. ChemBioChem 2010, 11, 604–621.
21 Zhang, Q.; Liu, W. Complex biotransformations catalyzed by radicalS-adenosylmethionine
enzymes. J. Biol. Chem. 2011, 286, 30245–30252.
2 2W a l s b y ,C .J . ;O r t i l l o ,D . ;B r o d e r i c k ,W .E . ;B r o d e r i c k ,J .B . ;H o f f m a n ,B .M .A na n c h o r i n g
role for FeS clusters: chelation of the amino acid moiety of S-adenosylmethionine to the
uniqueironsiteofthe[4Fe-4S]clusterofpyruvateformate-lyaseactivatingenzyme.J. Am.
Chem. Soc. 2002, 124, 11270–11271.
23 Layer, G.; Moser, J.; Heinz, D. W.; Jahn, D.; Schubert, W. D. Crystal structure of
coproporphyrinogen III oxidase reveals cofactor geometry of Radical SAM enzymes. EMBO
J. 2003, 22, 6214–6224.
24 Hanzelmann, P.; Schindelin, H. Crystal structure of the S-adenosylmethionine-dependent
enzyme MoaA and its implications for molybdenum cofactor deficiency in humans. Proc.
Natl. Acad. Sci. U.S.A. 2004, 101, 12870–12875.
25 Berkovitch, F.; Nicolet, Y.; Wan, J. T.; Jarrett, J. T.; Drennan, C. L. Crystal structure of biotin
synthase, anS-adenosylmethionine-dependent radical enzyme.Science2004,303,76–79.
26 Vey,J.L.;Yang,J.;Li,M.;Broderick,W.E.;Broderick,J.B.;Drennan,C.L.Structuralbasis
for glycyl radical formation by pyruvate formate-lyase activating enzyme. Proc. Natl. Acad.
Sci. U.S.A. 2008, 105, 16137–16141.
27 Boal, A. K.; Grove, T. L.; McLaughlin, M. I.; Yennawar, N. H.; Booker, S. J.; Rosenzweig,
A. C. Structural basis for methyl transfer by a radical SAM enzyme. Science 2011, 332,
1089–1092.
28 Long, K. S.; Poehlsgaard, J.; Kehrenberg, C.; Schwarz, S.; Vester, B. The Cfr rRNA
methyltransferase confers resistance to Phenicols, Lincosamides, Oxazolidinones, Pleur-
omutilins, and Streptogramin A antibiotics. Antimicrob. Agents Chemother. 2006, 50,
2500–2505.
29 Kowalak,J.A.;Bruenger,E.;McCloskey,J.A.Posttranscriptionalmodificationofthecentral
loop of domain V in Escherichia coli 23 S ribosomal RNA. J. Biol. Chem. 1995, 270,
17758–17764.
30 Toh, S. M.; Xiong, L.; Bae, T.; Mankin, A. S. The methyltransferase YfgB/RlmN is
responsible for modification of adenosine 2503 in 23S rRNA. RNA 2008, 14,9 8 –106.
31 Pierrel, F.; Douki, T.; Fontecave, M.; Atta, M. MiaB protein is a bifunctional radical-S-
adenosylmethionine enzyme involved in thiolation and methylation of tRNA. J. Biol. Chem.
2004, 279, 47555–47563.564 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 555–564 ’ 2012 ’ Vol. 45, No. 4
Radical-Mediated Enzymatic Methylation Zhang et al.
32 Lee, K. H.; Saleh, L.; Anton, B. P.; Madinger, C. L.; Benner, J. S.; Iwig, D. F.;
Roberts, R. J.; Krebs, C.; Booker, S. J. Characterization of RimO, a new member of
the methylthiotransferase subclass of the radical SAM superfamily. Biochemistry
2009, 48, 10162–10174.
33 Arragain, S.; Garcia-Serres, R.; Blondin, G.; Douki, T.; Clemancey, M.; Latour, J. M.;
Forouhar, F.; Neely, H.; Montelione, G. T.; Hunt, J. F.; Mulliez, E.; Fontecave, M.; Atta, M.
Post-translational modification of ribosomal proteins: structural and functional character-
ization of RimO from Thermotoga maritima,ar a d i c a lS-adenosylmethionine methylthio-
transferase. J. Biol. Chem. 2010, 285, 5792–5801.
34 Westrich,L.;Heide,L.;Li,S.M.CloN6,anovelmethyltransferasecatalysingthemethylation
of the pyrrole-2-carboxyl moiety of clorobiocin. ChemBioChem 2003, 4, 768–773.
35 Liao, R.; Duan, L.;Lei, C.;Pan, H.;Ding, Y.; Zhang, Q.; Chen, D.; Shen,B.;Yu, Y.; Liu, W.
Thiopeptide biosynthesis featuring ribosomally synthesized precursor peptides and con-
served posttranslational modifications. Chem. Biol. 2009, 16, 141–147.
36 Kelly, W. L.; Pan, L.; Li, C. Thiostrepton biosynthesis: prototype for a new family of
bacteriocins. J. Am. Chem. Soc. 2009, 131, 4327–4334.
37 Kamigiri, K.; Hidaka, T.; Imai, S.; Murakami, T.; Seto, H. Studies on the biosynthesis of
bialaphos (SF-1293) 12. C-P bond formation mechanism of bialaphos: discovery of a
P-methylation enzyme. J. Antibiot. 1992, 45,7 8 1 –787.
38 Seto,H.;Kuzuyama,T.Bioactivenaturalproductswithcarbon-phosphorusbondsandtheir
biosynthesis. Nat. Prod. Rep. 1999, 16,5 8 9 –596.
39 Blodgett, J. A.; Zhang, J. K.; Metcalf, W. W. Molecular cloning, sequence analysis, and
heterologous expression of the phosphinothricin tripeptide biosynthetic gene cluster from
StreptomycesviridochromogenesDSM40736.Antimicrob.AgentsChemother.2005,49,
230–240.
4 0W e r n e r ,W .J . ;A l l e n ,K .D . ;H u ,K . ;H e l m s ,G .L . ;C h e n ,B .S . ;W a n g ,S .C .I nv i t r o
Phosphinate Methylation by PhpK from Kitasatospora phosalacinea. Biochemistry 2011,
50, 8986–8988.
41 Chew,A.G.;Bryant,D.A.Chlorophyllbiosynthesisinbacteria:theoriginsofstructuraland
functional diversity. Annu. Rev. Microbiol. 2007, 61, 113–129.
42 Kuzuyama, T.; Hidaka, T.; Kamigiri, K.; Imai, S.; Seto, H. Studies on the biosynthesis of
fosfomycin. 4. The biosynthetic originof themethyl group of fosfomycin. J. Antibiot. 1992,
45, 1812–1814.
43 Metcalf, W. W.; van der Donk, W. A. Biosynthesis of Phosphonic and Phosphinic Acid
Natural Products. Annu. Rev. Biochem. 2009, 78,6 5 –94.
44 Zhou,P.;Ohagan,D.;Mocek,U.;Zeng,Z.P.;Yuen,L.D.;Frenzel,T.;Unkefer,C.J.;Beale,
J.M.;Floss,H.G.BiosynthesisoftheAntibioticThiostrepton-MethylationofTryptophanin
theFormationoftheQuinaldicAcidMoietybyTransferoftheMethionineMethyl-Groupwith
Net Retention of Configuration. J. Am. Chem. Soc. 1989, 111, 7274–7276.
45 Frenzel, T.; Zhou, P.; Floss, H. G. Formation of 2-methyltryptophan in the biosynthesis of
thiostrepton: isolation of S-adenosylmethionine:tryptophan 2-methyltransferase. Arch.
Biochem. Biophys. 1990, 278,3 5 –40.
46 Houck, D. R.;Kobayashi,K.; Williamson,J. M.;Floss, H.G. Stereochemistry of Methylation
inThienamycinBiosynthesis-ExampleofaMethylTransferfromMethioninewithRetention
of Configuration. J. Am. Chem. Soc. 1986, 108, 5365–5366.
47 Nunez,L.E.;Mendez,C.;Brana,A.F.;Blanco,G.;Salas,J.A.Thebiosyntheticgenecluster
for the beta-lactam carbapenem thienamycin in Streptomyces cattleya. Chem. Biol. 2003,
10, 301–311.
48 Mosimann, H.; Kr€ autler, B. Methylcorrinoids Methylate Radicals-Their Second Biological
Mode of Action? Angew. Chem., Int. Ed. 2000, 39, 393–395.
49 Matthews, R. G. Cobalamin-dependent methyltransferases. Acc. Chem. Res. 2001, 34,
681–689.
50 Matthews, R. G.; Koutmos, M.; Datta, S. Cobalamin-dependent and cobamide-dependent
methyltransferases. Curr. Opin. Struct. Biol. 2008, 18, 658–666.
51 Zhang, Q.; Li,Y.; Chen, D.; Yu, Y.;Duan,L.; Shen, B.; Liu, W. Radical-mediatedenzymatic
carbon chain fragmentation-recombination. Nat. Chem. Biol. 2011, 7, 154–160.
5 2Z y d o w s k y ,T .M . ;C o u r t n e y ,L .F . ;F r a s c a ,V . ;K o b a y a s h i ,K . ;S h i m i z u ,H . ;Y u e n ,L .D . ;
Matthews, R. G.; Benkovic, S. J.; Floss, H. G. Stereochemical Analysis of the Methyl
TransferCatalyzedbyCobalamin-DependentMethionineSynthasefromEscherichiaColiB.
J. Am. Chem. Soc. 1986, 108, 3152–3153.
53 Yu, Y.; Duan, L.; Zhang, Q.; Liao, R.; Ding, Y.; Pan, H.; Wendt-Pienkowski, E.; Tang, G.;
Shen, B.;Liu, W. Nosiheptide biosynthesisfeaturing a unique indole side ring formation on
the characteristic thiopeptide framework. ACS Chem. Biol. 2009, 4,8 5 5 –864.
54 Ding, Y.; Yu, Y.; Pan, H.; Guo, H.; Li, Y.; Liu, W. Moving posttranslational modifications
forward to biosynthesize the glycosylated thiopeptide nocathiacin I in Nocardia sp.
ATCC202099. Mol. Biosyst. 2010, 6,1 1 8 0 –1185.
55 Zhang, Q.; Chen, D.; Lin, J.; Liao, R.; Tong, W.; Xu, Z.; Liu, W. Characterization of NocL
involved in thiopeptide nocathiacin I biosynthesis: a [4Fe-4S] cluster and the catalysisof a
radical S-adenosylmethionine enzyme. J. Biol. Chem. 2011, 286, 21287–21294.
56 Morris, R. P.; Leeds, J. A.; Naegeli, H. U.; Oberer, L.; Memmert, K.; Weber, E.; LaMarche,
M. J.; Parker, C. N.; Burrer, N.; Esterow, S.; Hein, A. E.; Schmitt, E. K.; Krastel, P.
Ribosomally synthesized thiopeptide antibiotics targeting elongation factor Tu. J. Am.
Chem. Soc. 2009, 131, 5946–5955.
57 Du,L.;Sanchez,C.;Chen,M.;Edwards,D.J.;Shen,B.Thebiosyntheticgeneclusterforthe
antitumordrugbleomycinfromStreptomyces verticillus ATCC15003supportingfunctional
interactions betweennonribosomalpeptide synthetases and a polyketidesynthase. Chem.
Biol. 2000, 7,6 2 3 –642.
58 Tao, M.; Wang, L.; Wendt-Pienkowski, E.; George, N. P.; Galm, U.; Zhang, G.; Coughlin,
J. M.; Shen, B. The tallysomycin biosynthetic gene cluster from Streptoalloteichus
hindustanus E465-94 ATCC 31158 unveiling new insights into the biosynthesis of the
bleomycin family of antitumor antibiotics. Mol. Biosyst. 2007, 3,6 0 –74.
59 Galm, U.; Wendt-Pienkowski, E.; Wang, L.; George, N. P.; Oh, T. J.; Yi, F.; Tao, M.;
Coughlin, J. M.; Shen, B. The biosynthetic gene cluster of zorbamycin, a member of the
bleomycinfamilyofantitumorantibiotics,fromStreptomycesflavoviridisATCC21892.Mol.
Biosyst. 2009, 5,7 7 –90.
60 Houck,D.R.;Chen,L.C.;Keller,P.J.;Beale,J.M.;Floss,H.G.BiosynthesisoftheModified
Peptide Antibiotic Nosiheptide in Streptomyces actuosus. J. Am. Chem. Soc. 1988, 110,
5800–5806.
61 Layer, G.; Grage, K.; Teschner, T.; Schunemann, V.; Breckau, D.; Masoumi, A.; Jahn, M.;
Heathcote, P.; Trautwein, A. X.; Jahn, D. Radical S-adenosylmethionine enzyme copro-
porphyrinogen III oxidase HemN: functional features of the [4Fe-4S] cluster and the two
bound S-adenosyl-L-methionines. J. Biol. Chem. 2005, 280, 29038–29046.
62 Kuzuyama,T.;Seki,T.;Dairi,T.;Hidaka,T.;Seto,H.NucleotidesequenceoffortimicinKL1
methyltransferasegeneisolatedfromMicromonosporaolivasterospora,andcomparisonof
its deduced amino acid sequence with those of methyltransferases involved in the
biosynthesis of bialaphos and fosfomycin. J. Antibiot. 1995, 48,1 1 9 1 –1193.
63 Unwin,J.;Standage,S.;Alexander,D.;Hosted,T., Jr.;Horan,A.C.;Wellington,E.M.Gene
clusterinMicromonosporaechinosporaATCC15835forthebiosynthesisofthegentamicin
C complex. J. Antibiot. 2004, 57, 436–445.
64 Kudo,F.;Kasama,Y.;Hirayama,T.;Eguchi,T.Cloningofthepactamycinbiosyntheticgene
cluster and characterization of a crucial glycosyltransferase prior toa uniquecyclopentane
ring formation. J. Antibiot. 2007, 60, 492–503.
65 Rachid,S.;Scharfe, M.;Blocker, H.;Weissman, K.J.; M€ uller, R. Unusual chemistry inthe
biosynthesis of the antibiotic chondrochlorens. Chem. Biol. 2009, 16,7 0 –81.
66 Watanabe,K.;Hotta,K.;Nakaya,M.;Praseuth,A.P.;Wang,C.C.;Inada,D.;Takahashi,K.;
Fukushi,E.;Oguri,H.;Oikawa,H.Escherichiacoliallows efficient modular incorporation of
newly isolated quinomycin biosynthetic enzyme into echinomycin biosynthetic pathway for
rational design and synthesis of potent antibiotic unnatural natural product. J. Am. Chem.
Soc. 2009, 131, 9347–9453.
6 7W e l a n d e r ,P .V . ;C o l e m a n ,M .L . ;S e s s i o n s ,A .L . ;S u m m o n s ,R .E . ;N e w m a n ,D .K .
Identificationofamethylaserequiredfor2-methylhopanoidproductionandimplicationsforthe
interpretationofsedimentaryhopanes.Proc.Natl.Acad.Sci.U.S.A.2010,107,8537–8542.
68 Funabashi, M.; Yang, Z.; Nonaka, K.; Hosobuchi, M.; Fujita, Y.; Shibata, T.; Chi, X.; Van
Lanen, S. G. An ATP-independent strategy for amide bond formation in antibiotic
biosynthesis. Nat. Chem. Biol. 2010, 6,5 8 1 –586.
69 Wang, Z. X.; Li, S. M.; Heide, L. Identification of the coumermycin A(1) biosynthetic gene
cluster of Streptomyces rishiriensis DSM 40489. Antimicrob. Agents Chemother. 2000,
44,3 0 4 0 –3048.
70 Tamura, K.; Dudley, J.; Nei, M.; Kumar, S. MEGA4: Molecular Evolutionary Genetics
Analysis (MEGA) software version 4.0. Mol. Biol. Evol. 2007, 24,1 5 9 6 –1599.